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We experimentally demonstrate composite stimulated Raman adiabatic passage (CSTIRAP),
which combines the concepts of composite pulse sequences and adiabatic passage. The technique
is applied for population transfer in a rare-earth doped solid. We compare the performance of
CSTIRAP with conventional single and repeated STIRAP, either in the resonant or the highly de-
tuned regime. In the latter case, CSTIRAP improves the peak transfer efficiency and robustness,
boosting the transfer efficiency substantially compared to repeated STIRAP. We also propose and
demonstrate a universal version of CSTIRAP, which shows improved performance compared to the
originally proposed composite version. Our findings pave the way towards new STIRAP appli-
cations, which require repeated excitation cycles, e.g., for momentum transfer in atom optics, or
dynamical decoupling to invert arbitrary superposition states in quantum memories.
I. INTRODUCTION
Efficient techniques to coherently control quantum sys-
tems are essential for evolving quantum technologies. A
large variety of control techniques aim at efficient quan-
tum state inversion, e.g., for applications in physical
chemistry [1], nuclear magnetic resonance [2], or quan-
tum information processing [3, 4]. The main require-
ments for efficient population transfer are high fidelity
and robustness against fluctuations in experimental pa-
rameters, while maintaining short excitation times.
Resonant two-level techniques, such as resonant pi-
pulses, in principle permit high fidelity population in-
version at short interaction times, but they usually suffer
substantially from inevitable variations in the experimen-
tal parameters. Adiabatic processes, e.g., rapid adiabatic
passage (RAP) [5] or stimulated Raman adiabatic pas-
sage (STIRAP) [6], are robust alternatives. STIRAP is
among the most established adiabatic control tools for co-
herent population transfer between quantum states. STI-
RAP found a multitude of applications in atomic physics,
molecular physics, solid-state physics, nonlinear optics,
quantum information technology, and many others [6].
Despite its robustness and high efficiency, STIRAP usu-
ally requires rather long interaction times and/or high
intensities to reach the required adiabaticity for high fi-
delity population transfer. Moreover, STIRAP is very
sensitive with regard to the proper preparation of a pure
initial state. This is a severe obstacle, if repeated (cyclic)
application of STIRAP is required. The latter is essen-
tial, e.g., in atom optics, when repeated STIRAP is ap-
plied to obtain large momentum transfer and beam de-
flection in real space. The fast drop in efficiency limits the
number of possible repetitions and the maximal deflec-
tion angle [6]. Moreover, cyclic STIRAP processes also
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offer potential to adiabatically drive logic operations [7]
or to invert (or dynamically decouple) coherent superpo-
sition states in quantum memories.
Various approaches can be employed to speed up adi-
abatic techniques, e.g., optimal control [8] or single-shot
shaped pulses [9]. These usually rely on pulse shaping in
the frequency or time domain, or additional fields to com-
pensate for unwanted diabatic transitions [6]. Composite
pulses are another alternative to improve the fidelity and
robustness of coherent excitation processes with the ad-
vantage that they do not require compensation of single
pulse diabatic losses. They were initially developed and
are well established in nuclear magnetic resonance [2]. In
recent years, they also found their way into quantum op-
tics and quantum information processing [10–12]. Com-
posite pulses drive robust excitation pathways in Hilbert
space between an initial and a desired final state. The rel-
ative phases of the pulses in a composite sequence serve
as control parameters, allowing for compensation against
certain experimental imperfections. It is also possible
to design universal composite pulses, which compensate
against any arbitrary variation of experimental parame-
ters in the excitation process. We theoretically proposed
and experimentally demonstrated such universal pulse se-
quences in previous work, which aimed in particular at
dynamical decoupling [13, 14]. It is a promising idea to
combine the concepts of composite pulse sequences with
adiabatic passage, in order to improve arbitrary proper-
ties of the adiabatic excitation processes, e.g., efficiency,
bandwidth, or robustness. We already implemented a
composite version of RAP (termed composite adiabatic
passage), which permits efficient excitation in a two-level
system [15]. Recently, a combination of composite pulse
sequences with STIRAP (which we will term now CSTI-
RAP), was theoretically proposed for population transfer
in a three-state system [16]. However, CSTIRAP has not
yet been implemented experimentally.
In the following, we report on the proof-of-principle
experimental demonstration and thorough systematic in-
vestigation of CSTIRAP. Specifically, we apply it for pop-
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2ulation transfer in a rare-earth ion-doped crystal. In
the latter medium, we already implemented conventional
STIRAP [17] and applied cyclic STIRAP sequences for
classical information processing [7]. We measure the pop-
ulation transfer efficiency and compare the performance
of CSTIRAP with conventional and repeated STIRAP in
terms of fidelity and robustness. We investigate two ver-
sions of CSTIRAP for resonant and detuned excitations,
which were already theoretically proposed [16]. We also
develop and experimentally demonstrate a novel, univer-
sal variant of detuned CSTIRAP, with improved perfor-
mance compared to the originally proposed composite
version.
Our work paves the way for applications of CSTIRAP
in all fields where the widely used STIRAP is applica-
ble, i.e., well beyond the specific experimental imple-
mentation presented below. CSTIRAP offers particular
advantages when repeated (cyclic) STIRAP is required,
e.g., in atom optics to obtain large momentum transfer
and beam deflection in real space, or for all-optical spin
rephasing and dynamical decoupling [18, 19]. As CSTI-
RAP does not rely on pulse shaping, it can also be com-
bined with optimal control or shortcuts-to-adiabaticity
improved versions of STIRAP [20] and improve their per-
formance even further.
II. THEORETICAL BACKGROUND
A. STIRAP
We consider a three-state Λ-system, e.g., as shown
in Fig. 1. We aim for coherent population transfer
from the initial state |1〉 to the final state |3〉, medi-
ated via couplings to an intermediate state |2〉 by two
laser fields (pump and Stokes). Initially all population
of the system is assumed to be in state |1〉. The single-
photon detunings of the driving laser fields from the cor-
responding resonances are defined as ∆P = ωP − ω12
and ∆S = ωS − ω32, which also determine the two-
photon detuning δ = ∆P −∆S. The coupling strengths
are given by the Rabi frequencies ΩP(t) = −µ12EP(t)/~
and ΩS(t) = −µ23ES(t)/~ [21]. Here, µij are the tran-
sition dipole moments and EP/S(t) are the time-varying
envelopes of the electric fields. On two-photon resonance
we have δ = 0, hence ∆P = ∆S ≡ ∆, and the system dy-
namics are described by the Hamiltonian in the rotating
wave approximation
HˆRWA(t) =
~
2
 0 ΩP(t) 0ΩP(t) 2∆ ΩS(t)
0 ΩS(t) 0
 . (1)
The dynamics of STIRAP are best understood in the
adiabatic basis, defined by the instantaneous eigenstates
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FIG. 1. Coupling schemes and (C)STIRAP pulse sequences
for resonant (a-c) and highly detuned (d-f) excitation. Up-
per row: Basic coupling schemes. Middle row: (b) STIRAP
pulse sequence for both excitation regimes. (e) Effective two-
photon Rabi frequency and effective detuning in the Raman-
type effective two-state system after adiabatic elimination of
the intermediate state. Lower row: Temporal evolution and
phases of CSTIRAP sequences (with composite sequences of
three pulses as an example). ϕP and ϕS are the phases of the
single pump and Stokes pulses.
[6]
|b+〉 = sinϑ sinφ |1〉+ cosϑ sinφ |3〉+ cosφ |2〉 , (2a)
|b−〉 = sinϑ cosφ |1〉+ cosϑ cosφ |3〉 − sinφ |2〉 , (2b)
|d〉 = cosϑ |1〉 − sinϑ |3〉 , (2c)
where the two mixing angles are given by
ϑ(t) = arctan
ΩP(t)
ΩS(t)
, (3a)
φ(t) =
1
2
arctan
Ωrms(t)
∆
(3b)
with the root mean square Rabi frequency
Ωrms(t) =
√|ΩP(t)|2 + |ΩS(t)|2. STIRAP requires
pump and Stokes pulses in the so-called counter-
intuitive order, as shown in Fig. 1(b), when the Stokes
pulse precedes the pump pulse by a time delay τ . We
term this a SP pulse pair (We note, that if the system
is initially in state |3〉, adiabatic passage to state |1〉
requires a reversed pulse order, i.e., a PS pulse pair).
STIRAP transfers the population completely from state
|1〉 to state |3〉 via the dark state |d〉, without (ideally)
populating state |2〉. The dynamics are mirrored by
the evolution of the mixing angle ϑ. As the SP pair
changes the latter from ϑ = 0 to ϑ = pi/2, the dark
state evolves from |d〉 = |1〉 to |d〉 = − |3〉. During the
3process, we must maintain adiabaticity, i.e., the system
must remain in the dark state at all times. This requires
Ωrms(t)  |ϑ˙|. For smooth pulses (e.g., with Gaussian
temporal shape) this adiabatic condition transforms to
the simpler form A = ∫ Ωrms(t)dt  1, i.e., the pulse
area A has to be sufficiently large [6]. The larger A, the
closer the transfer efficiency approaches unity. Hence,
under realistic conditions of limited pulse area (i.e.,
finite interaction time and limited pulse intensity) the
fidelity of the transfer efficiency of STIRAP is always
limited. This becomes a particular obstacle, if repeated
(cyclic) STIRAP processes are required [7].
B. Composite pulses
Composite pulses replace a single excitation pulse by
a sequence of pulses with appropriately chosen relative
phases. The latter serve as control parameters to choose
an optimized excitation path in Hilbert space, which in-
creases fidelity and robustness with respect to certain
errors [2]. Composite pulses were so far mainly applied
in two-state systems. To explain the basic concept in
simple terms, we consider now a two-level system rather
than the general three-level system required for STIRAP.
Nevertheless, the composite approach can be transferred
straightforwardly to a three-level scheme [16]. As an
example, we briefly summarize now the derivation of
universal composite pulses for population inversion (se-
quences termed U5a and U5b), which we also applied in
our experiments discussed below. The theoretical treat-
ment follows previous work, which gives a detailed deriva-
tion [13].
Our objective is to achieve complete population inver-
sion in a two-state quantum system even when the prop-
erties of the driving pulses are unknown. We assume that
the composite pulse duration is shorter than the decoher-
ence time of the system, so its evolution due to a single
pulse can be characterized by the propagator U, which
connects the probability amplitudes at the initial and fi-
nal times ti and tf: c(tf) = Uc(tı). It is conveniently
parameterized by
U =
(
 eiα
√
1− 2 eiβ
−√1− 2 e−iβ  e−iα
)
, (4)
where the phases α and β and an error term  ∈ [0, 1] are
unknown. Then, the transition probability of the single
pulse is P (1) = 1 − |U11|2 = 1 − 2. A constant phase
shift ϕ in the Rabi frequency leads to β → β + ϕ in the
propagator U(ϕ). Then, the propagator of a composite
sequence of N identical pulses, each with a phase ϕk,
reads U(N) = U(ϕn) · · ·U(ϕ2)U(ϕ1). We make no as-
sumptions about the individual pulses in the composite
sequence, i.e., how , α and β depend on the interaction
parameters. This justifies the term “universal” for these
composite pulses because they will compensate imper-
fections in any interaction parameter. We only assume
that the constituent pulses are identical and that we can
control their phases ϕk.
In order to determine the phases ϕk, we analyze the
propagator element U
(N)
11 . It proves useful to choose ϕk =
ϕN−k+1 and we take ϕ1 = 0 without loss of generality.
Thus, in case of a five-pulse sequence (N = 5), we obtain
U
(5)
11 =
{
[1 + 2 cos (2ϕ2 − ϕ3)] eiα
+ 2 cos (ϕ2 − ϕ3) e−iα
}
+O(3). (5)
The first order error term vanishes for two distinct sets
of phases: (ϕ2 = 5pi/6, ϕ3 = pi/3) and (ϕ2 = 11pi/6,
ϕ3 = pi/3), corresponding to the U5a and U5b composite
sequences [13]. As the error term  is typically small, the
composite pulse transition probability P (5) = 1 − O(6)
is much closer to unity than the transition probability of
a single pulse P (1) = 1− 2.
In the following, we shift our attention back to the
three-state system, where we combine composite pulses
and STIRAP to achieve efficient and robust population
transfer. As theoretically proposed in [16], we describe
separately the cases for resonant and highly detuned
CSTIRAP.
C. Resonant CSTIRAP
We first consider the case of both lasers tuned to single-
photon resonance (∆P/S = 0). Then, STIRAP is quite
sensitive with regard to a proper preparation of the initial
state. If the latter is not perfectly aligned with the dark
state |d〉, the obtained transfer efficiency varies strongly
with the initial population distribution between states
|1〉 and |3〉. Specifically, if a non-negligible fraction of
the population is initially placed in state |3〉, a resonant
SP pulse pair will transfer this population adiabatically
via the bright states |b±〉. Then, the interference be-
tween the two excitation paths (via |b+〉 and |b−〉) leads
to generalized Rabi oscillations and the transfer efficiency
becomes highly sensitive to the pulse area A [6]. This
makes resonant STIRAP unsuitable for robust inversion
of unknown states. Additionally, even if all population
is initially in the dark state |d〉, the efficiency of a single
STIRAP suffers from residual diabatic losses due to lim-
ited adiabaticity. Then, the total efficiency for repeated
STIRAP drops quickly as every subsequent inversion is
increasingly performed by (the highly sensitive) popula-
tion transfer via the bright states [7].
Perfect adiabaticity in STIRAP can only be reached
asymptotically in the limit of infinitely large pulse areas.
In order to improve the STIRAP efficiency and robust-
ness also for limited adiabaticity, Torosov et al. recently
proposed a composite version of STIRAP, i.e., CSTIRAP
[16]. A sequence of N STIRAP pulse pairs is applied
to transfer the population back and forth between initial
and target state. The phases ϕP/S of the individual pump
and Stokes pulses serve as control parameters to reduce
infidelities in the single STIRAP transfer processes. In
4order to ensure that the initial state for each STIRAP cy-
cle remains closely aligned with the dark state, the pulse
ordering alternates for each pulse pair. Hence, each cycle
drives STIRAP with the pulse ordering matched to the
transfer direction. Figure 1(c) shows an example for the
pulse sequence and phases for resonant CSTIRAP with
three pulse pairs (termed resonant sequence R3). Phases
of resonant CSTIRAP with three (R3) and five (R5) STI-
RAP pulse pairs are compared in Table I. An analytical
expression for the individual pump and Stokes phases for
any odd number of pulse pairs is derived in [16]. The
authors of the theory proposal numerically investigated
the performance of resonant CSTIRAP and found that
CSTIRAP is expected to outperform conventional STI-
RAP in terms of peak transfer efficiency and robustness.
D. Detuned CSTIRAP
We now consider the case of detuned STIRAP, i.e.,
when the single-photon detuning ∆ ΩP/S is large,
while two-photon resonance δ = 0 is maintained. For
the theoretical description, we can adiabatically elim-
inate the excited state |2〉 from the system (see Fig-
ure 1(d)). This transforms the three-level system
into an effective two-level scheme. The pump and
Stokes pulses couple the two remaining ground states
|1〉 and |3〉 with an effective two-photon Rabi frequency
ΩE(t) = −ΩP(t)ΩS(t)/(2∆) and an effective detuning
∆E(t) = (|ΩP(t)|2 − |ΩS(t)|2)/(2∆). Figure 1(e) shows
the temporal behavior of the Rabi frequency and detun-
ing after adiabatic elimination for a SP pulse pair on
two-photon resonance. The symmetric temporal change
of the detuning ∆E(t) over the resonance resembles rapid
adiabatic passage (RAP) in the effective two-state system
[5].
While adiabatic population transfer in STIRAP
(driven by a SP pulse pair) goes via the dark state |d〉, in
detuned STIRAP also the reversed pulse ordering (i.e., a
PS pulse pair) enables smooth, adiabatic transfer. In the
latter case, the transfer goes via one of the bright states
|b±〉, depending on the sign of the detuning. Therefore,
this version of detuned STIRAP, driven by a PS pulse
pair, is termed bright STIRAP (b-STIRAP) [22]. In con-
trast to standard STIRAP via the dark state, the (decay-
ing) intermediate state |2〉 can be transiently populated
during b-STIRAP, and losses due to radiative decay may
occur. However, the amount of transient population in
state |2〉 is negligible for large detuning. Then, a SP or a
PS pulse pair can induce a population transfer with (ap-
proximately) equal efficiency. Thus, detuned STIRAP is
insensitive to the initial state, which makes the technique
well suited for inversion of unknown states.
Similarly to the resonant case, the performance of de-
tuned STIRAP depends on the fulfillment of the adia-
baticity condition. Perfect adiabaticity in the effective
two-state system (see Fig. 1(e)) can only be reached
asymptotically in the limit of infinitely large pulse areas
Sequence ϕP ϕS
R3 (0, 3, 1)pi/3 (1, 3, 0)pi/3
R5 (0, 5, 3, 8, 4)pi/5 (4, 8, 3, 5, 0)pi/3
D3 (0, 1, 0)2pi/3 (0, 0, 0)
D5 (0, 2, 1, 2, 0)2pi/5 (0, 0, 0, 0, 0)
U3 (0, 1, 0)pi/2 (0, 0, 0)
U5a (0, 5, 2, 5, 0)pi/6 (0, 0, 0, 0, 0)
U5b (0, 11, 2, 11, 0)pi/6 (0, 0, 0, 0, 0)
TABLE I. Calculated phases for different CSTIRAP se-
quences with three and five pulse pairs. ϕP and ϕS are the
phases of the single pump and Stokes pulses. Sequences la-
beled “R” correspond to resonant CSTIRAP. Sequences la-
beled “D” correspond to detuned CSTIRAP, as originally
proposed by [16]. Sequences with a label “U” correspond
to our universal version of detuned CSTIRAP. The number
attached to the labels denotes the number N of pulse pairs
in a sequence. U5a and U5b are two versions of universal
detuned CSTIRAP (see text).
AE =
∫ |ΩE(t)|dt [5]. In order to improve the perfor-
mance, Torosov et al. also theoretically proposed a de-
tuned CSTIRAP version [16] and derived an analytical
expression for the phases for any odd number of pulse
pairs. We note, that the solutions for the phases are very
different from the resonant version and the pulse pairs
have a non-alternating ordering in detuned CSTIRAP
(see Fig. 1(f)). The latter also ensures that the same
pulse characteristics are repeated (up to a phase shift) for
every transfer process in the effective two-state system af-
ter adiabatic elimination. Then, only the relative phase
ϕP−ϕS between the pump and Stokes fields is important
as it determines the phase of ΩE(t) in the effective two-
state system. Therefore we can choose ϕS = 0 without
loss of generality and only use ϕP as a control parameter.
Figure 1(f) shows an example for a pulse sequence and
phases for detuned CSTIRAP with three non-alternating
pulse pairs (termed detuned sequence D3), as proposed
in [16]. The phases of detuned CSTIRAP sequences with
three (D3) and five (D5) pulse pairs are given in Table I.
Torosov et al. numerically investigated the performance
of detuned CSTIRAP and confirmed its improved per-
formance compared to detuned conventional STIRAP.
We note, that the solutions for detuned CSTIRAP in
[16] are designed to improve the performance for limited
(weak) adiabaticity due to insufficiently large pulse areas.
However, the sequences do not compensate other errors
or variations, e.g., in the two-photon detuning δ. It is
well known that the efficiency of STIRAP is highly sen-
sitive to the latter (hence, to laser frequency changes or
two-photon inhomogeneous broadening) [6]. Recently, we
theoretically derived and experimentally demonstrated
universal composite pulse sequences for excitations in
two-level systems, which compensate against any kind
of pulse error and for any arbitrary temporal pulse shape
[13] (see also Sec. II B). As detuned STIRAP effectively
uses a two-level system (see Fig. 1(d)), we propose now to
further improve CSTIRAP by making use of the phases
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FIG. 2. (a) Level scheme of the relevant transitions in Pr:YSO. (b) Temporal pulse sequence for preparation, STIRAP (or
CSTIRAP) and probing. As an example, we depict a CSTIRAP sequence of three pulse pairs with a non-alternating order.
The Rabi frequencies of all applied pulses have a temporal Gaussian shape with a duration (FWHM) of TΩ = 17µs in the
resonant and TΩ = 14 µs in the detuned case. We truncate the pulses at 3TΩ. There is no delay between consecutive pulse pairs
in a sequence, in order to minimize the duration of the total sequence. The pulse delay τ between pump and Stokes pulses in
each pair is systematically varied in the experiments.
of the universal composite pulses rather than the original
phases from [16]. We will term this new variant univer-
sal detuned CSTIRAP. It enables us to compensate any
(repeated) pulse error, e.g., also variation in the driving
laser frequencies. Examples for the phases of the pump
and Stokes fields for universal detuned CSTIRAP with
three (U3) and five (U5a and U5b) pulse pairs are given
in Table I. Phases for higher order universal composite
pulses were also derived in our previous work [13].
In the following we will present the experimental im-
plementation of resonant CSTIRAP, detuned CSTIRAP,
and universal detuned CSTIRAP. We investigated the ef-
ficiency and robustness of the composite sequences, and
compared the results with single and repeated STIRAP.
III. EXPERIMENTAL SETUP
We apply (C)STIRAP for population transfer between
two hyperfine ground states of Praseodymium ions doped
into an Yttrium orthosilicate crystal (Pr3+:Y2SiO5 , here-
after termed Pr:YSO), with dimensions of 5× 5× 3 mm
and a dopant concentration of 0.05 at. %. The Pr:YSO
crystal is mounted inside a continuous flow cryostat (Ja-
nis ST-100), where it is cooled to temperatures below 4 K
to suppress phononic excitations. Figure 2(a) shows the
relevant level scheme of the Pr3+ ions. In the environ-
ment of the host crystal, the two electronic states |3H4〉
and |1D2〉 each split up into three hyperfine levels. The
population lifetime of the excited states is T opt1 ≈ 164 µs.
The coherence lifetime of the ground state transitions is
THF2 ≈ 500 µs. We note that the coherence time can be
increased up to the order of THF2 ≈ 1 s by applying a
static magnetic field to prepare appropriate, less sensi-
tive level splitting of the hyperfine ground states [23].
However, this was not necessary in our experiment. The
ultimate limit is set by the spin relaxation time of the
hyperfine ground states in Pr:YSO, which is of the order
of THF1 ≈ 100 s. Inhomogeneities in the host crystals lat-
tice lead to different transition frequencies for different
dopant ions. This gives rise to an inhomogeneous broad-
ening of the optical transition (Γoptinh ≈ 7 GHz) and the
hyperfine transitions (ΓHFinh ≈ 30 kHz). We apply an opti-
cal pumping sequence prior to all (C)STIRAP [24] mea-
surements to isolate a Λ-system as shown in Fig. 2(a)
from the inhomogeneous manifold. For details on the
preparation sequence see [25].
The required optical radiation at a wavelength of
λ = 605.98 nm is provided by a solid state laser system
[26] which is stabilized to a frequency jitter below 100 kHz
on a timescale of 100 ms. A small fraction <1 % of the
light is used as a probe beam, while the remaining ra-
diation is equally split into two beam lines to serve as
pump and Stokes beams. All three beams propagate
through acousto-optical modulators (AOMs) (Brimrose
BRI-TEF-80-50-.606) in double pass configuration, to
provide laser pulses with appropriate center frequency
and temporal intensity pulse profile. The AOMs in the
pump and Stokes beam also control the relative phases
of the beams. Using an arbitrary waveform generator
(Tektronix AWG 5014B) to drive the AOMs, the setup
achieves a phase accuracy of <0.5◦ with a phase jitter of
roughly 0.7◦ on a timescale of 100 µs, which is the dura-
tion of a typical CSTIRAP sequence. The probe beam
is focused inside the crystal to a diameter (full width
at half maximum, FWHM) of 190 µm. It is overlapped
with the pump and Stokes beams, which are collimated
to slightly elliptical shapes with dimensions (FWHM)
600 µm× 380 µm (pump) and 480 µm× 400 µm (Stokes),
resulting in peak Rabi frequencies of ΩmaxP/S ≈ 2pi×700 kHz
which we estimated by monitoring the transmission of a
weak probe field while simultaneously driving Rabi os-
cillations on the same transition. The diameters of the
pump and Stokes beams are chosen much larger than the
probe focus to assure rather uniform pump and Stokes
Rabi frequencies in the probed volume.
Figure 2(b) shows a typical measurement sequence.
We prepare the system in state |1〉 while state |3〉 is fully
6emptied, i.e., the initial populations are P ini1 = 1 and
P ini3 = 0. We apply a (C)STIRAP sequence, which trans-
fers population from state |1〉 to state |3〉. The sequence
duration is well below the coherence time THF2 to ensure
a proper phase relationship between the pulses and the
single pulse FWHM duration TΩ is shorter than T
opt
1 to
minimize decay losses for resonant (C)STIRAP [16]. Af-
ter (C)STIRAP we determine the final populations P final1
and P final3 by absorption measurements with two weak
probe pulses at the pump and the Stokes transition. The
measured absorption coefficients αi2 are related to the
populations via αi2 ∝ fi2Pi, with the oscillator strengths
fij known from literature [27] (and also confirmed in our
own spectroscopic measurements). This permits deter-
mination of the transfer efficiency as η = P3 = (1 + x)
−1
with x = (α12/α32)(f32/f12). In principle it should be
sufficient to probe only the population transferred to the
target state |3〉, as losses outside our three-level system
are negligible. However, at large transfer efficiency the
absorption on the Stokes transition is very strong. In this
case, absorption measurements suffer from a low signal-
to-noise ratio. Probing both final populations P final1 and
P final3 overcomes this problem, as there is always strong
absorption on one and weak absorption on the other
transition. This yields a significantly improved accuracy
of the measured absorption coefficients and, hence, the
transfer efficiency. With the double-probe approach, we
estimate the uncertainty in the transfer efficiency well be-
low 3 % (for the regime of large transfer efficiency). This
is much improved, e.g, compared to the first demonstra-
tion of STIRAP in Pr:YSO with a single probe pulse,
yielding uncertainties up to 20 % for large transfer effi-
ciency [22]. We note, that the probe pulses are delayed
by more than 3 ms with respect to the (C)STIRAP se-
quence, i.e., much longer than the lifetime T opt1 of the
excited state. Thus, the small fraction of population left
due to residual diabatic couplings during (C)STIRAP in
state |2〉 decays back to the ground states. This slightly
affects the determination of the obtained transfer effi-
ciency. For efficient transfer by (C)STIRAP the residual
population in state |2〉 will be very small and the error in
the measured transfer efficiency will be negligible. In the
worst case of, e.g., intuitive pulse ordering in the resonant
regime, we estimate a maximal error in the range of 16 %
compared to the measured transfer efficiency. However,
these high errors are present only for very inefficient pop-
ulation transfer and high residual population in state |2〉.
Our numerical simulations, which do not take incoherent
decay after the pulses into account, nevertheless fit very
well to the experimental data. This confirms, that the
measured transfer efficiencies are accurate.
IV. EXPERIMENTAL RESULTS
A. Resonant CSTIRAP
We start our investigations with the implementation of
resonant CSTIRAP, as theoretically proposed by Torosov
et al. [16]. Thus, the pump and Stokes frequencies are
matched to the corresponding transition frequencies. We
apply the measurement sequence shown in Figure 2(b)
and systematically vary the time delay between the pump
and Stokes pulses in each pulse pair of the (C)STIRAP
sequence.
Figure 3(a) shows the obtained transfer efficiencies for
single STIRAP (single pulse pair), three repeated STI-
RAPs (with alternating pulse ordering), and the R3-
CSTIRAP sequence (with alternating pulse ordering)
vs. the pulse delay τ between the pump and Stokes
pulses. In the graph positive delays τ > 0 correspond
to the counter-intuitive pulse ordering (Stokes preceding
pump), while negative delays τ < 0 correspond to the
intuitive pulse ordering (pump preceding Stokes). The
pulse areas are A ≈ 20pi  1 for a single pulse pair,
i.e., we fulfill the adiabatic condition well. Hence, for
counter-intuitive pulse ordering τ > 0, STIRAP yields a
broad plateau of robust and efficient transfer with a peak
efficiency of 97 %. Intuitive pulse ordering τ < 0 yields
much smaller peak efficiencies, as expected from theory.
We note, that at intuitive pulse ordering τ < 0 we might
expect to observe pronounced oscillations of the trans-
fer efficiency due to interference between the excitation
paths via the two bright states [6]. However, the fast os-
cillations are washed out due to averaging over spatially
varying Rabi frequencies across the laser profiles. This
averaging is irrelevant for STIRAP (i.e., the excitation
dynamics for τ > 0), as long as the adiabatic condition
is fulfilled. The repeated resonant STIRAP yields sys-
tematically reduced efficiencies in comparison to single
STIRAP, as the errors of the imperfect three STIRAP
processes accumulate, and each transfer process leaves
the system in a less pure initial state for the next STI-
RAP cycle. When we apply R3-CSTIRAP, the composite
version has a lower efficiency than STIRAP, contrary to
what we would expect from simple theory. Moreover,
the R3-CSTIRAP sequence also does not show a mea-
surable improvement compared to repeated conventional
STIRAP.
This lack of improvement by R3-CSTIRAP is mainly
due to optical inhomogeneous broadenings in Pr:YSO.
Specifically, resonant CSTIRAP is designed to compen-
sate weak adiabaticity but remains sensitive to single-
photon inhomogeneous broadening. This is due to its
error compensating mechanism, which relies on a sym-
metry of the Hamiltonian that is present only when the
pump and Stokes frequencies are tuned to single photon
resonance ∆ = 0 [16]. However, the Pr:YSO medium
exhibits residual inhomogeneous broadenings of the op-
tical transitions in the range of 200 kHz to 300 kHz af-
ter optical preparation. Moreover, also instantaneous
7Pulse delay τ (µs)
Tr
an
sf
er
 e
ffi
ci
en
cy
 η (%) STIRAP3x STIRAP
R3-CSTIRAP
STIRAP
3x STIRAP
R3-CSTIRAP
(a) Experiment
(b) Simulation
100
75
50
25
0
100
75
50
25
0
-20 -10 0 10 20 30
-20 -10 0 10 20 30
FIG. 3. Experimental data (a) and numerical simulations (b)
for transfer efficiencies using resonant (C)STIRAP processes
vs. variation of the pulse delay between the pump and Stokes
pulses. The peak Rabi frequencies are ΩP ≈ 2pi × 635 kHz
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spectral diffusion yields additional broadenings whenever
the intermediate state is populated [28]. The pump and
Stokes Rabi frequencies in the CSTIRAP sequence have
a temporal Gaussian shape with a duration (FWHM)
of TΩ = 17µs. Hence, the pulse bandwidth is not suffi-
ciently large to cover the optical inhomogeneous broaden-
ing, which would require 1/TΩ  ∆ [16]. Hence, CSTI-
RAP also enables large transfer efficiency, but does not
exceed the performance of STIRAP.
We confirmed these arguments by numerical simula-
tions where we assumed Gaussian-shaped inhomogeneous
broadenings of the optical (bandwidth Γoptinh = 200 kHz
(FWHM)) and the hyperfine (bandwidth ΓHFinh = 30 kHz
(FWHM)) transition as well as excited state decay time
T opt1 and the hyperfine transitions decoherence time T
HF
2 .
We simulated the dynamics of the three-level system with
the density matrix formalism by solving the Liouville-von
Neumann equation, where optical decay and spin deco-
herence rates are included as imaginary elements of the
Hamiltonian [29]. In order to take into account optical
and spin inhomogeneous broadening, we perform each
simulation for 961 atoms with different single-photon (op-
tical) detunings in the range between ±300 kHz with a
step of 20 kHz and two-photon (spin) detunings in the
range between ±60 kHz with a step of 4 kHz. The den-
sity matrix of the atomic ensemble is then calculated as
a weighted average of the density matrices of the indi-
vidual atoms, taking into account the probability distri-
bution of the optical and spin inhomogeneous broaden-
ings. We estimated the effect of optical, spin inhomo-
geneous broadening, optical decay, and spin decoherence
by turning them on and off in the simulation and calcu-
lating the effect of each factor on the transfer efficiency
of (C)STIRAP for the ensemble. In the simulation we do
not take into account decay after (C)STIRAP in order to
consider only the transfer efficiency due to (C)STIRAP.
The simulated transfer efficiencies are shown in Fig. 3(b).
As already mentioned, the fast oscillations for τ < 0
mirror diabatic excitation dynamics. The oscillations
are washed out in the experiment due to spatial averag-
ing, which was also confirmed numerically. Nevertheless,
the simulations involving inhomogeneous broadenings fit
very well with the experimental data, even with particu-
lar details such as the maximal transfer efficiencies, the
extension of the plateaus, or the averaged efficiency for
τ < 0, or the overall lineshape. The simulations clearly
confirm, that resonant CSTIRAP in the optically inho-
mogeneously broadened medium reaches towards, but
cannot exceed the efficiency or robustness of STIRAP.
In order to overcome the optical inhomogeneous broad-
enings, we tried to increase the bandwidth of the reso-
nant (C)STIRAP pulses by reducing the pulse duration.
The numerical simulations indicate, that pulse durations
below 1µs would be necessary to achieve a measurable
improvement of CSTIRAP over repeated STIRAP. This
would be technically possible, though at the limits of our
optical setup. However, at this much shorter pulse dura-
tion we also had to increase the pulse intensity substan-
tially in order to maintain a sufficiently large pulse area.
In this case, off-resonant couplings to other transitions in
our medium, outside the three-level system start to play
a role. This leads to perturbations in the (C)STIRAP dy-
namics and severe pulse distortions during propagation
through the medium. Detuned (C)STIRAP offers an al-
ternative solution, as it is insensitive to inhomogeneous
broadenings, provided the applied detuning is sufficiently
large.
B. Detuned CSTIRAP
For detuned CSTIRAP, the frequencies of the pump
and Stokes fields are shifted by a single-photon detuning
∆ 6= 0 from the corresponding resonances. In principle,
the sign of the detuning does not matter. In our specific
experiment the pump and Stokes frequencies are both
blue shifted, which leads to only negligible off-resonant
excitations to other states outside our specific three-level
system in Pr:YSO. The detuning should be sufficiently
large in order to convert the three-level scheme into an
effective two-level Raman-type system. This requires
∆ ΩP/S. Experimentally, a useful indicator for this
case is the observation of equal transfer efficiencies for
excitation with a SP pulse pair or a PS pulse pair. At
sufficiently large detuning, the pulse ordering plays no
role, as the population is completely transferred either
by STIRAP or b-STIRAP. On the other hand, the de-
tuning should not be too large, as the two-photon Rabi
frequency ΩE ∝ 1/∆ decreases with larger detuning. The
Rabi frequency must remain sufficiently large to main-
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tain adiabaticity and, hence, permit efficient and robust
transfer. We note, that also longer pulses improve adia-
baticity. However, the pulse duration must remain suf-
ficiently short to cover the inhomogeneous broadening
ΓHFinh ≈ 30 kHz of the two-photon hyperfine transition|1〉 ↔ |3〉 between the ground states in Pr:YSO.
We performed systematic measurements of the trans-
fer efficiency for conventional STIRAP and b-STIRAP
to determine the optimal single-photon detuning to be
∆S = 1.75 MHz. Subsequently, we permitted also for a
small (∼ 10 kHz) variation in the two-photon detuning δ
by changing only the pump frequency ∆P = δ+1.75 MHz.
This served as a simple control parameter to match the
effective pump and Stokes Rabi frequencies, enabling
equal transfer efficiencies for STIRAP and b-STIRAP.
Though equal Rabi frequencies are no strong requirement
for (C)STIRAP, it enables comparison with the theory
predictions for detuned CSTIRAP [16], which assumed
equal transfer efficiencies for SP and PS pulse pairs. Sub-
sequently, we used these optimized detunings for all fur-
ther experiments.
We performed systematic measurements to compare
the performance of detuned STIRAP and CSTIRAP.
Figure 4(a) shows the measured transfer efficiencies vs.
the pulse delay τ for detuned STIRAP (single pulse
pair), repeated detuned STIRAP (non-alternating pulse
ordering), and two variants of detuned CSTIRAP (non-
alternating pulse ordering). Single detuned STIRAP
yields equal transfer efficiencies above 80 % for both in-
tuitive (τ ≈ −5 µs) and counter-intuitive pulse ordering
(τ ≈ 5 µs). Compared to the resonant case (see Figure
3), the peak transfer efficiencies for single detuned STI-
RAP are smaller, and also the extension of the regions
with high transfer efficiency is smaller. This is due to
the lower coupling strength for detuned excitation which
yields an effective pulse area of about AE ≈ 4pi.
The transfer processes suffer substantially from accu-
mulated errors in repeated conventional STIRAP. Specif-
ically, repeated STIRAP with three SP pulse pairs
reaches peak efficiencies around 50 % only, also showing
pronounced variations of the transfer efficiency vs. pulse
delay. When we apply now the D3-CSTIRAP sequence,
as proposed in [16], the peak transfer efficiency substan-
tially increases towards 70 %. Moreover, also the high
transfer region broadens compared to repeated STIRAP.
Hence, the choice of appropriate phases in D3-CSTIRAP
sequence already strongly improves the robustness of the
excitation process compared to repeated STIRAP. How-
ever, the D3-CSTIRAP sequence does not yet reach the
peak efficiency of 80 % for single STIRAP - though the ro-
bustness with regard to delay variations is already larger.
Our new U3-CSTIRAP achieves further improvements:
It reaches the efficiency of single STIRAP and further
increases the width of the region of efficient transfer.
The advantages (in particular of the universal version)
of CSTIRAP become even more obvious, when we apply
longer pulse sequences. Figure 4(b) shows the transfer ef-
ficiency vs. the pulse delay τ for single STIRAP, as well
as repeated STIRAP, D5-CSTIRAP [16], and universal
U5b-CSTIRAP, the latter sequences with 5 pulse pairs
(with non-alternating ordering). In terms of composite
pulses, the ability for error correction increases with the
number of pulses in the sequence. Figure 4(b) confirms
this expectation: While repeated STIRAP with 5 pulse
pairs remains at transfer efficiencies well below 50 %, D5-
CSTIRAP reaches the peak efficiency of single STIRAP
at 80 %, while simultaneously increasing the width of
the efficient transfer region. Finally, the universal se-
quence U5b-CSTIRAP outperforms all other configura-
tions. U5b-CSTIRAP combines peak transfer efficiencies
around 85 %, with similarly large robustness vs. delay
variations as D5-CSTIRAP. We note that U5a-CSTIRAP
(not shown in Fig. 4(b)) and U5b-CSTIRAP have very
similar performance with a slightly better performance
for the U5b version for zero pulse delay. The strong
performance of the universal sequences is due to their
robustness with regard to variations in any arbitrary ex-
perimental parameter, while the D3- and D5-CSTIRAP
sequences were designed to compensate for limited adi-
abaticity only (e.g., induced by variations in the driving
laser intensity) [16]. We note that we also applied higher
order sequences of seven and nine pulse pairs for detuned
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CSTIRAP but they did not improve performance in com-
parison to U5b-CSTIRAP. This can be explained by the
smaller additional error compensation of the higher order
sequences, which cannot make up for the higher number
of (low efficiency) STIRAPs and the longer duration of
the whole sequence. For example, a sequence with N = 9
pulse pairs exhibits a total duration of more than 500 µs,
i.e., longer than the coherence time THF2 .
We conducted further systematic investigations on uni-
versal detuned CSTIRAP vs. variations in multiple ex-
perimental parameters. Figures 5(a)-(d) show measured
transfer efficiencies vs. variation of both the pulse de-
lay τ and peak Rabi frequencies. We took data for
single detuned STIRAP, repeated detuned STIRAPs,
and two universal variants U5a and U5b of CSTIRAP
[13]. Similar to Fig. 4, we also observe here, that
the efficiency of repeated STIRAP drops considerably
all over the parameter range compared to single STI-
RAP. Both universal sequences U5a- and U5b-CSTIRAP
fully recover (and even exceed) the high efficiency of sin-
gle STIRAP also for a five-fold repeated transfer pro-
cess. U5a- and U5b-CSTIRAP outperfom conventional
STIRAP and repeated STIRAP in terms of peak effi-
ciency and broad bandwidth with regard to variations in
pulse delay and Rabi frequencies. The peak transfer ef-
ficiency of the CSTIRAP sequences is 87 %, compared
to 50 % for repeated STIRAP. A detailed comparison
of the two universal CSTIRAP variants phases reveals
a slightly increased robustness for U5b-CSTIRAP com-
pared to the U5a version (compare, e.g., the extensions
of the high efficiency regions, shaded in red/orange in
Figs. 5(c,d)). This confirms previous work on universal
sequences, showing that U5b sequences compensate espe-
cially well against detuning errors [13]. Maintaining the
two-photon resonance is crucial for STIRAP, and two-
photon detunings are an issue in our medium due to the
inhomogeneous broadening of the hyperfine transitions.
Finally, we confirmed the experimental findings by nu-
merical simulations (see details given in section IV A).
Figure 5(e)-(h) shows the simulation results, which re-
produce the experimental behavior well.
V. CONCLUSION
We experimentally demonstrated and systematically
studied several variants of composite STIRAP, i.e., a
combination of the concepts of composite pulse sequences
with adiabatic passage in a three-level scheme. In par-
ticular, we applied CSTIRAP sequences in a rare-earth
ion-doped solid for population transfer between hyper-
fine ground states. We compared the transfer efficiency
and robustness of CSTIRAP with conventional single and
repeated STIRAP in the resonant and highly detuned
regime. In the resonant case, inhomogeneous broaden-
ing of the optical transition perturbed CSTIRAP, as the
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required single-photon resonance cannot be maintained
for all frequency ensembles of dopand ions. Neverthe-
less, in the highly detuned regime CSTIRAP significantly
boosted the peak transfer efficiency by more than 70 %
compared to repeated STIRAP, and also outperformed
single conventional STIRAP. Moreover, CSTIRAP of-
fered much higher robustness with regard to variations
in certain experimental parameters. We also compared
CSTIRAP sequences with three or five pulse pairs, prov-
ing that longer sequences yield better error compensa-
tion and performance. Finally, we developed and demon-
strated universal detuned CSTIRAP variants. The uni-
versal composite sequences are robust with regard to fluc-
tuations in any arbitrary experimental parameter, out-
performing also the originally proposed CSTIRAP se-
quences. We confirmed all experimental data by numer-
ical simulations, which reproduce the experimental data
well.
Our findings are of relevance for any application, which
requires improved fidelity and robustness of STIRAP.
They are of particular relevance for applications of re-
peated STIRAP, where limited transfer efficiencies per
cycle quickly add up to perturb adiabatic passage in a
highly nonlinear fashion. Even small improvements in
the transfer efficiency enable many more STIRAP cycles.
As a significant advantage compared to conventional STI-
RAP, the detuned versions of CSTIRAP effectively invert
any arbitrary initial superposition of two ground states.
They maintain large efficiency also in case of repeated ap-
plication, e.g., for rephasing or dynamical decoupling in
quantum memories, or in atom optics to achieve a larger
momentum transfer and beam deflection.
ACKNOWLEDGMENTS
The authors thank K. Bergmann, D. Schraft and B. W.
Shore for valuable discussions. This work is supported by
the Alexander von Humboldt Foundation, the Deutsche
Forschungsgemeinschaft, and a Career Bridging Grant
of Technische Universita¨t Darmstadt. NVV acknowl-
edges support by the Bulgarian Science Fund Grant No.
DO02/3 (ERyQSenS).
[1] C. Brif, R. Chakrabarti, and H. Rabitz, New Journal of
Physics 12, 075008 (2010); S. A. Rice and M. Zhao, Op-
tical control of molecular dynamics (John Wiley, 2000);
M. Shapiro and P. Brumer, Quantum Control of Molecu-
lar Processes (Wiley, 2012); D. J. Tannor, Introduction to
quantum mechanics : a time-dependent perspective (Uni-
versity Science Books, 2007).
[2] M. H. Levitt, Progress in Nuclear Magnetic Resonance
Spectroscopy 18, 61 (1986).
[3] F. Schmidt-Kaler, H. Ha¨ffner, M. Riebe, S. Gulde,
G. P. T. Lancaster, T. Deuschle, C. Becher, C. F. Roos,
J. Eschner, and R. Blatt, Nature 422, 408 (2003);
M. Riebe, T. Monz, K. Kim, A. S. Villar, P. Schindler,
M. Chwalla, M. Hennrich, and R. Blatt, Nature Physics
4, 839 (2008); T. Monz, K. Kim, W. Ha¨nsel, M. Riebe,
A. S. Villar, P. Schindler, M. Chwalla, M. Hennrich, and
R. Blatt, Physical Review Letters 102, 040501 (2009).
[4] M. Pons, V. Ahufinger, C. Wunderlich, A. Sanpera,
S. Braungardt, A. Sen(De), U. Sen, and M. Lewen-
stein, Physical Review Letters 98, 023003 (2007); N. Ti-
money, V. Elman, S. Glaser, C. Weiss, M. Johanning,
W. Neuhauser, and C. Wunderlich, Physical Review A
77, 052334 (2008); C. Piltz, B. Scharfenberger, A. Khro-
mova, A. F. Varo´n, and C. Wunderlich, Physical Review
Letters 110, 200501 (2013).
[5] N. V. Vitanov, T. Halfmann, B. W. Shore, and
K. Bergmann, Annual Review of Physical Chemistry 52,
763 (2001).
[6] N. V. Vitanov, A. A. Rangelov, B. W. Shore, and
K. Bergmann, Reviews of Modern Physics 89, 015006
(2017).
[7] F. Beil, T. Halfmann, F. Remacle, and R. D. Levine,
Physical Review A 83, 033421 (2011).
[8] S. J. Glaser, U. Boscain, T. Calarco, C. P. Koch,
W. Ko¨ckenberger, R. Kosloff, I. Kuprov, B. Luy,
S. Schirmer, T. Schulte-Herbru¨ggen, D. Sugny, and
F. K. Wilhelm, The European Physical Journal D 69,
279 (2015).
[9] D. Daems, A. Ruschhaupt, D. Sugny, and S. Gue´rin,
Physical Review Letters 111, 050404 (2013); L. Van-
Damme, D. Schraft, G. T. Genov, D. Sugny, T. Half-
mann, and S. Gue´rin, Physical Review A 96, 022309
(2017).
[10] J. Wesenberg and K. Mølmer, Physical Review A 68,
012320 (2003).
[11] H. Ha¨ffner, C. F. Roos, and R. Blatt, Physics Reports
469, 155 (2008).
[12] B. T. Torosov and N. V. Vitanov, Physical Review A 83,
053420 (2011); S. S. Ivanov and N. V. Vitanov, Optics
Letters 36, 1275 (2011); G. T. Genov, B. T. Torosov,
and N. V. Vitanov, Physical Review A 84, 063413 (2011);
G. T. Genov and N. V. Vitanov, Physical Review Letters
110, 133002 (2013).
[13] G. T. Genov, D. Schraft, T. Halfmann, and N. V. Vi-
tanov, Physical Review Letters 113, 043001 (2014).
[14] G. T. Genov, D. Schraft, N. V. Vitanov, and T. Half-
mann, Physical Review Letters 118, 133202 (2017).
[15] B. T. Torosov, S. Gue´rin, and N. V. Vitanov, Physical
Review Letters 106, 233001 (2011); D. Schraft, T. Half-
mann, G. T. Genov, and N. V. Vitanov, Physical Review
A 88, 063406 (2013).
[16] B. T. Torosov and N. V. Vitanov, Physical Review A 87,
043418 (2013).
[17] J. Klein, F. Beil, and T. Halfmann, Physical Review
Letters 99, 113003 (2007).
[18] J. Rui, Y. Jiang, S.-J. Yang, B. Zhao, X.-H. Bao, and
J.-W. Pan, Physical Review Letters 115, 133002 (2015).
[19] D. Serrano, J. Karlsson, A. Fossati, A. Ferrier, and
P. Goldner, Nature Communications 9, 2127 (2018).
[20] Y.-X. Du, Z.-T. Liang, Y.-C. Li, X.-X. Yue, Q.-X. Lv,
11
W. Huang, X. Chen, H. Yan, and S.-L. Zhu, Nature
Communications 7, 12479 (2016).
[21] B. Shore, Manipulating Quantum Structures Using Laser
Pulses (Cambridge University Press, Cambridge, 2011).
[22] J. Klein, F. Beil, and T. Halfmann, Physical Review A
78, 033416 (2008).
[23] G. Heinze, C. Hubrich, and T. Halfmann, Physical Re-
view A 89, 053825 (2014).
[24] We use the notation (C)STIRAP whenever a statement
refers to both, STIRAP and CSTIRAP.
[25] F. Beil, J. Klein, G. Nikoghosyan, and T. Halfmann,
Journal of Physics B: Atomic, Molecular and Optical
Physics 41, 074001 (2008).
[26] S. Mieth, A. Henderson, and T. Halfmann, Optics Ex-
press 22, 11182 (2014).
[27] M. Nilsson, L. Rippe, S. Kro¨ll, R. Klieber, and D. Suter,
Physical Review B 70, 214116 (2004).
[28] J. Huang, J. M. Zhang, A. Lezama, and T. W. Mossberg,
Physical Review Letters 63, 78 (1989).
[29] P. A. Ivanov, N. V. Vitanov, and K. Bergmann, Physical
Review A 70, 063409 (2004).
